Previous studies on the regulation of c-myc have focused on the transcriptional control of this proto-oncogene. We have investigated the signalling pathways involved under circumstances in which there is a translational upregulation in the levels of c-myc protein. We have demonstrated an up to tenfold serum-dependent increase of c-myc protein levels in Epstein-Barr virus immortalized B-cell lines 2 ± 4 h after disruption of cellular aggregates, which is not accompanied by an equivalent increase in mRNA. Overall protein synthesis rates only increased threefold suggesting that the c-myc message was being selectively translated. We observed increases in the phosphorylation of p70 and p85 S6 kinases and of initiation factor eIF-4E binding protein 1 (4E-BP1) 1 ± 2 h after stimulation, suggesting activation of the FRAP/ TOR signalling pathway. The increased phosphorylation of 4E-BP1 led to a decrease in its association with eIF-4E and an increase in its association with the eIF-4G component of the eIF-4F initiation complex. The signalling inhibitors rapamycin and wortmannin blocked the phosphorylation of 4E-BP1 and abolished the translational component of the c-myc response. Our data suggest that dissociation of eIF-4E from 4E-BP1, leading to an increase in the formation of the eIF-4F initiation complex, relieves the translation repression imposed on the c-myc mRNA by its structured 5'UTR.
Introduction
The c-myc proto-oncogene belongs to a family of immediate-early genes, other members of which include c-fos, c-jun and egr-1, which are rapidly induced on exposure of quiescent cells to mitogens. Lipopolysaccharide-stimulated B-cells, Concanavalin A-treated Tcells and serum-starved ®broblasts exposed to EGF, PDGF, or serum, all induce c-myc mRNA levels up to 40-fold 2 ± 9 h after stimulation (Dean et al., 1986 , Kelly et al., 1983 , Nepveu et al., 1987 , Waters et al., 1991 . There are data to suggest that these increases in c-myc mRNA levels cannot be completely accounted for by an increased transcription rate, and that posttranscriptional regulation, may also play a part (Blanchard et al., 1985) .
There is evidence from other systems which demonstrates that c-myc protein expression can be modulated by translational control and that the 5' untranslated region of c-myc (encoded by exon 1), which is well conserved amongst species, has functional relevance in this process. Full length c-myc messages are translated less eciently than those which lack the 5' UTR (Darveau et al., 1985) and this negative regulation has been mapped to a 240 nt element (Parkin et al., 1988) . Similarly, Xenopus c-myc 5'UTR contains a region, between the promoters P0 and P1, which is important in regulating translation (Lazarus, 1992) . Data from our own laboratory have provided evidence for the translational regulation of c-myc protein expression in cell lines established from patients with the chromosome breakage disorder Bloom's syndrome (West et al., 1995) and from individuals suering from the B-cell neoplasia Multiple Myeloma (Paulin et al., 1996) . In the latter case the 5'UTR was shown to contain a speci®c mutation.
Translational regulation mediated through the 5'UTR is not unique to c-myc, and indeed many cellular mRNAs encoding proto-oncogenes, growth factors and their receptors, and transcription factors, possess long highly structured 5'UTRs which aect their regulation (for review see Gray and Hentze, 1994) . For example, on mitogenic stimulation of a number of cellular systems, which causes a 2 ± 3-fold increase in the general rate of protein synthesis, there is an additional selective increase in the translation of a subset of mRNAs which are normally found in a translationally repressed state, including those messages with a high degree of secondary structure in their 5'UTRs and those with polypyrimidine tracts at their 5' termini (for reviews see Brown and Schreiber, 1996; Proud, 1994) . Both general and speci®c increases in translation are mediated by changes in the activities and phosphorylation states of components of the translational apparatus. Messages with structured 5'UTRs e.g. ornithine decarboxylase, are particularly dependent on the RNA helicase activity of the eIF-4A component of the eIF-4F initiation complex (which also comprises eIF-4E and eIF-4G), for their ecient translation and it has been shown that over-expression of the limiting component of this complex, eIF-4E, can speci®cally activate the translation of this class of mRNA (Koromilas et al., 1991) . Increased activity of eIF-4F can also be achieved by the phosphorylation of eIF-4G and eIF-4E (Manzella et al., 1991; Morley et al., 1991; Morley and Traugh, 1989; Morley and Traugh, 1990 ) and the release of eIF-4E from a binding partner, typically 4E-BP1, with which it is normally associated Pause et al., 1994) , thus increasing the amount of free eIF-4E that is available for 4F complex formation. The interaction of eIF-4E with 4E-BP1 is regulated by phosphorylation, with phosphorylation of 4E-BP1 leading to a dissociation of this protein from eIF-4E Pause et al., 1994) . Speci®c increases in the translation of messages containing polypyrimidine tracts, e.g. mRNAs encoding translation factors and ribosomal proteins, are thought to be mediated through phosphorylation of the ribosomal protein S6 by p70 S6 kinase (Jeeries et al., 1994; Terada et al., 1994) .
The external signals which lead to mitogenic stimulation of cells have been extensively studied. The polypeptide growth factors which cause such a stimulation have been shown to activate two protein kinase cascades: the mitogen activated protein (MAP) kinase and FRAP/TOR pathways. The former appears to be mostly involved with up-regulation of transcription (for reviews see Jones, 1996; Marshall, 1996) whilst the latter is associated with an increase in translational activity (Lin et al., 1995; Mendez et al., 1996; Von Manteuel et al., 1996) . Activation of the FRAP/TOR pathway results in the phosphorylation of both p70 S6 kinase and 4E-BP1 and speci®c inhibition of this pathway by rapamycin blocks both of these events (Beretta et al., 1996; Chung et al., 1992; Lin et al., 1995; Price et al., 1992) .
On observation of a serum-dependent induction of c-myc protein in disaggregated B-cells, we assessed the contribution of translational mechanisms to this induction by quantifying RNA and protein levels in parallel during the time course of this response. We show that c-myc protein levels are induced more rapidly and to a greater extent than c-myc mRNA levels, and that this is not the result of increased protein stability. On investigation of the mechanisms involved in this process we demonstrate a selective translation of c-myc caused by liberation of eIF-4E from 4E-BP1 which is mediated via the FRAP/TOR pathway. This is the ®rst demonstration that translational regulation of c-myc in B-cells occurs through FRAP/TOR. The results presented herein dier from those where other genes e.g. ODC (Brown and Schreiber, 1996) have been shown to be regulated by translation, as c-myc translation regulation does not seem to involve an alteration in either the amount or the phosphorylation state of the cap binding protein eIF4E.
Results

c-myc protein levels are translationally induced in B-cells
Epstein ± Barr virus immortalized B-cells form multicellular aggregates during their growth as a result of heterotypic interactions between the adhesion molecules LFA-1 and ICAM-1 on the cell surface (Gallie and Traugh, 1994; Gregory et al., 1988 Gregory et al., , 1990 . We observed a large induction of c-myc protein levels in these B-cell lines following disruption of cellular clusters in existing cell cultures or by resuspension of cells in total fresh medium. To assess the mechanisms involved in this induction, we performed parallel Western and Northern blot analysis of protein and RNA samples taken over 48 h following resuspension of a population of exponentially growing cells in fresh medium (Figure 1a and b) . The experiments were performed on a minimum of three independent occasions and the representative Western blot shows that c-myc protein levels began to rise as early as 2 h after resuspension, increased to a peak approximately eightfold higher than original expression levels by 8 h and began to decline by 24 ± 48 h ( Figure 1a) . In contrast to the induction of c-myc protein levels, the cmyc RNA levels did not start to increase until 4 h after the stimulus and reached a peak of only 1.8-fold after 8 h (when compared to the control messages analysed, GAPDH, Figure 1b and tubulin, data not shown), clearly showing that the majority of the increase in the level of the c-myc protein is occurring by a posttranscriptional mechanism. Hence, on comparison of cmyc protein and mRNA levels during the response (Figure 1c ) it can be seen that the small induction of cmyc mRNA levels observed is insucient to account for the large increase in c-myc protein expression. Comparisons of the induction of c-myc protein and Figure 1 A comparison of c-myc protein and mRNA levels during the induction of c-myc expression in the EBV-LCL 0892A. (a) Cell extracts from 10 6 and 7610 5 cells were separated by SDS ± PAGE, Western blotted, and analysed for c-myc and atubulin protein expression, respectively. (b) Total cellular RNA was prepared from samples taken in parallel and then analysed by Northern blotting for levels of c-myc mRNA, and levels of the control message GAPDH with speci®c probes. (c) The Western blot shown in (a) was analysed by laser densitometry and the level of induction in c-myc protein (closed circles) compared to the increase in c-myc mRNA (triangles) following analysis of the Northern blot by phosphorimagery and normalization of c-myc mRNA levels to those of GAPDH. (d) Determination of the rate of degradation of the c-myc protein in cells treated at time 0 (closed circles) and at 6 h post-stimulation (open circles) with cycloheximide, and samples removed at time points up to 50 min for analysis by Western blotting and densitometry mRNA in two other EBV-immortalized B-cell lines demonstrated a similar and reproducible dissociation between protein and mRNA inductions, with in every case, the induction in c-myc protein being far greater than the induction in c-myc mRNA (data not shown).
Consistent with the intimate role of the c-myc gene product in the regulation of cellular proliferation and dierentiation, the expression of this proto-oncogene is controlled at multiple levels (for review see Marcu et al., 1992) . In the absence of a large induction of mRNA expression, it is evident that increased transcription rates and/or increased mRNA stability are not the key mechanisms involved in the induction of c-myc protein described here. Since c-myc protein expression has been shown to be subject to regulation at the level of both protein stability and translation (LuÈ scher and Eisenmann, 1988; Shindo et al., 1993; Spotts and Hann, 1990) it was then necessary to distinguish between these two possibilities. Studies of the rate of degradation of the c-myc protein using the protein synthesis inhibitor cycloheximide revealed that there was no change in the stability of the protein during the peak of expression at 6 h ( Figure 1d ). The rates of degradation of the c-myc protein prior to (time 0) and 6 h post-stimulation were very similar; the time taken for the protein level to reach half of its original level in the presence of cycloheximide being 20 ± 30 min at both time points, a value consistent with published data on the half-life of this protein (Hann and Eisenman, 1984) .
Further experiments performed were aimed at determining the stimulus for the induction in c-myc translation.
The induction of c-myc protein is serum dependent
The time course in which we observed an increase in the levels of the c-myc protein (Figure 1a ) is similar to that seen for c-myc mRNA induction in other systems (Kelly et al., 1983) , in particular on serum stimulation of resting ®broblasts. However, in all the cases described previously, this up-regulation only occurred on stimulation of resting cells or cells made quiescent as a result of serum deprivation (Dean et al., 1986; Kelly et al., 1983; Nepveu et al., 1987; Waters et al., 1991) . In contrast, we observed an induction in c-myc protein when growing cultures of EBV-immortalized Bcells, 3 days after the addition of fresh medium ( Figure  2a) , were pelleted and resuspended in either fresh or conditioned media. The level of c-myc induction was dependent on the concentration of serum to which the cells were exposed (Figure 2b and c), suggesting that this response occurs as a result of increased exposure of B-cells to serum due to disruption of the cellular aggregates.
The cell cycle distribution of cells during a serum induction was analysed by FACS using propidium iodide stained cells. The cell cycle distribution of cells taken at Day 4 (prior to disruption of cellular aggregates, see Figure 2a ) from actively growing cultures showed 72% of cells in the G 0 /G 1 phase of the cycle (Figure 2d ). Cell cycle arrest induced by serum deprivation in ®broblasts for example is characterized by the presence of 490% of cells in the G 0 phase of the cell cycle and consequently a negligible number of cells in S phase, a pro®le which is not evident in the cultures analysed here. It has however been reported (Allday and Farrell, 1994 ) that on reaching saturation density in culture, EBV-LCLs can become growth arrested in early G 1 . In our experiments (Figure 2a) , it is possible that the cells in the centre of cellular aggregates may be beginning to arrest in G 1 . This would explain the relatively high proportion of cells in G 0 /G 1 , and the ability of these cells to respond to increased serum exposure, following the disruption of cellular aggregates, by the induction of c-myc. The relatively slow shift of cells into S phase during the time course of the c-myc induction, evident by 24 h (Figure 2d ) is consistent with previously published data which suggests that the G 1 phase of the cell cycle in LCLs exceeds 12 h (Allday and Farrell, 1994) . These data suggest that this response diers from the response of G 0 -arrested ®broblasts to serum exposure as the LCLs under study are not completely quiescent. Importantly, there is evidence to suggest that EBV-LCLs cannot in fact leave the cell cycle and reenter G 0 in the same manner as ®broblasts since, on the complete withdrawal of serum, LCLs do not growth arrest and apoptose, as is the case for ®broblasts, but continue to proliferate and die at various stages of the cell cycle as a result of the constitutive expression of cmyc (Cherney et al., 1994) . We conclude that the c-myc induction in EBV-LCLs observed here results from the increased exposure of cells to serum following the disruption of cellular aggregates.
General protein synthesis rates increase only 2 ± 3-fold
To assess the translational component of the c-myc induction described here, we investigated the response of the translational machinery to the increased exposure to serum. Polysomally and monosomally associated mRNA species were isolated by sucrose gradient density centrifugation. The relative distribution of speci®c messages was determined by fractionation of the gradients, extraction of RNA, and hybridization to speci®c probes. On comparison of the total mRNA from the absorbance pro®les recorded during fractionation of the gradients (before and after treatment of cells), it is apparent that there is a shift in the relative distribution of a large number of messages by 8 h with an approximate 50% decrease in monosomally-associated mRNAs and a corresponding increase in the mRNAs associated with polysomes ( Figure 3b ). This is consistent with the 2 ± 3-fold increase in the general rate of protein synthesis which occurs 3 ± 8 h after stimulation ( Figure 3a ) and is similar to the response of starved rat epididymal fat cells to insulin (Lyons et al., 1980) and quiescent ®broblasts to serum (Jeeries et al., 1994) . The distribution of c-myc mRNA (Figure 3c ), and that of the control mRNA species GAPDH ( Figure 3d ) also followed this general shift in message re-distribution, with the peak of monosomally-associated message observed at time 0 for c-myc being greatly diminished. Analysis of a large number of polysome pro®les from three dierent cell lines demonstrated that the cmyc message consistently showed this pattern of redistribution to polysomes as did all individual messages examined (data not shown). Interestingly, not all of the gene products examined, e.g. eIF-4E and a-tubulin, showed increased expression at the protein level (Figures 1a, 4b and 7a) . It is therefore possible that an increased association with polysomes does not result in increased expression levels of proteins such as eIF-4E and a-tubulin since the translation of these messages is proceeding at a maximum level or is under further control at the level of translational elongation or protein degradation. Since the initiation of translation of the c-myc mRNA is repressed by the presence of its structured 5'UTR, under normal circumstances, it follows that the expression of c-myc protein will be particularly aected by the general increases in translation initiation observed after the stimulation of cells (Figure 3a and b). In addition, speci®c changes to the activity of the translation initiation complex, eIF-4F, would be required to facilitate the increased polysomal association of the cmyc mRNA observed in these experiments by 8 h. However, as a result of the general re-distribution of messages to polysomes observed (Figure 3b ), any component of the response which results from selective translation of the c-myc message, mediated through changes in initiation complex formation, can not be further de®ned using this technique. It is clear, however, that the 2 ± 3-fold increase in general protein synthesis observed here ( Figure 3a ) cannot account for the 5.5 ± 10-fold increase in c-myc protein expression observed in this cell line (Figure 1) , and that the remaining translational component of the c-myc response must be the result of just such a selective translation mechanism.
Regulation of translation initiation factors 4E and 2a
There is evidence which suggests that the translation initiation factors 4E and 2a are downstream target genes of the c-myc protein Rosenwald et al., 1993 ), yet despite the high level ]-methionine into protein was determined by labelling cells for 1 h periods at time 0 ± 1 h, 3 ± 4 h and 7 ± 8 h after serum stimulation. Samples were analysed in triplicate by scintillation counting and the fold-induction in protein synthesis is shown + standard deviation. (b) Sucrose gradient density centrifugation performed prior to (time 0) and 8 h following stimulation and fractions collected with continuous monitoring at 260 nm. Arrows indicate the position of the 80S monosome peak. RNA was extracted from each fraction and analysed using slot-blot hybridization with speci®c probes to detect levels of c-myc (c) and GAPDH (d) mRNAs across the gradient induction in c-myc protein levels evident during this time course (Figure 1a) , we observed no increase in levels of either eIF-4E or 2a (Figure 4a and b) . It does not appear therefore that the increased expression of cmyc in this system results in the transactivation of these genes. It has been shown that the expression of eIF-4E and 2a does not always correlate with the expression level of c-myc in certain transformed cell lines, and it has been suggested that in EBVimmortalized cell lines, increased expression of eIF-4E can occur in the absence of increased c-myc expression (Rosenwald, 1995) . The lack of increased expression of these factors on higher level expression of c-myc protein observed in our previous studies with EBVimmortalized Bloom's Syndrome lines (West et al., 1995) , and in the present study is consistent with these ®ndings.
Conversely, these results also suggest that the selective translation of the c-myc protein does not result from an increase in the levels of these initiation factors. Since limited expression of the eIF-4E protein is believed to restrict levels of the eIF-4F initiation complex, increased expression of eIF-4E in particular can lead to the selective translation of messages with secondary structure in their leader sequences (Rousseau et al., 1996) which are particularly dependent on the helicase activity of eIF-4F. In addition, although increased expression of eIF-4E and 2a has been implicated in the translational response of cells to mitogens (Cohen et al., 1990; Mao et al., 1992 ) the general increases in translation observed here ( Figure  3a) do not seem to result from the increased expression of these proteins.
Since increases in the level of phosphorylation of eIF-4E and other components of the eIF-4F complex have been correlated with increases in the rate of translation initiation (Morley et al., 1991) we also examined the steady state phosphorylation level of eIF-4E during the time course of the c-myc induction, using isoelectric focusing techniques. Although increases in the phosphorylation of eIF-4E have been reported to occur in a number of systems in response to mitogens (Bu and Hagedorn, 1991; Flynn and Proud, 1996; Morley and Pain, 1995b; Morley and Traugh, 1990) we consistently observed no increase in the level of the phosphorylated form of the protein over the time course (Figure 4c ). It appears therefore that the positive eects on translation, both at a general level (Figure 3a) and at a selective level (Figure 1a) are not mediated through increased phosphorylation of eIF-4E.
Activation of the FRAP/TOR pathway
The FRAP/TOR pathway has been identi®ed as a signalling pathway which on activation by growth factors can lead to the increased translation of speci®c subclasses of mRNAs. These include messages with extensive secondary structure in their 5'UTRs and those mRNAs containing polypyrimidine tracts at their immediate 5' terminus (for review see Brown and Schreiber, 1996) . These selective increases in translation are thought to be mediated via phosphorylation of the the eIF-4E binding protein BP-1 and phosphorylation of ribosomal protein S6 by p70 and p85 S6 kinase, events which are both dependent on FRAP/TOR activity. Since the c-myc message is predicted to contain large double-stranded hairpins in its noncoding leader sequence, we investigated the possibility that activation of the FRAP/TOR pathway was responsible for the observed selective translation of this mRNA on serum stimulation of B-cells. The p70 and p85 S6 kinases are themselves activated by phosphorylation, and thus it was possible to examine the degree of phosphorylation by virtue of the mobilities exhibited by the dierent phosphorylated forms of the proteins on SDS-polyacrylamide gels (Chung et al., 1992; Ming et al., 1994) (Figure 5a ). The appearance of more slowly migrating phosphorylated forms of these kinases was evident by 1 h after disruption of cellular aggregates and reached maximal levels by 4 h. There was then a gradual decline in the levels of phosphorylation consistent with the decline in c-myc protein levels (Figure 1a) . A similar experiment was performed to detect possible changes in phosphorylation of the eIF-4E binding protein 4E-BP1 (Figures  5b and 7a) . Changes in the ratio of phosphorylated to dephosphorylated 4E-BP-1 were evident from 1 h after stimulation with a reduction in the amount of dephosphorylated protein and then an increase again by 24 h (Figure 5b) , consistent with the time scale of altered phosphorylation state observed for p70 and p85 S6 kinases. These increases in the phosphorylation of p70 and p85 S6 kinases and 4E-BP1 are in accordance with activation of the FRAP/TOR pathway and both occur on a time scale suggestive of involvement of this pathway in the translational induction of c-myc protein expression.
Increases in the phosphorylation of 4E-BP1 have been shown to cause the dissociation of this protein from eIF-4E Pause et al., 1994 ) a process which is postulated to aect the translation of growth-related translationally repressed messages, such as c-myc, by increasing the amount of active 4F Figure 4 Analysis of the initiation factors eIF-4E and eIF-2a. Cell extracts (10 6 cells) were separated by SDS ± PAGE, Western blotted and probed with antibodies to eIF-2a (a). The blot was then stripped and probed with antibodies to eIF-4E (b). The phosphorylated and dephosphorylated forms of eIF-4E, in extracts prepared in the presence of phosphatase inhibitors, were separated by isoelectric focusing and then Western blotted and detected as for SDS ± PAGE (c) complex. eIF-4E, and thus complexes containing eIF-4E, can be partially puri®ed by virtue of the fact that they bind to the m 7 GTP cap structure present at the 5' end of eukaryotic messages. We therefore examined the association of eIF-4E with 4E-BP1 and with eIF-4G using m 7 GTP Sepharose anity column chromatography (Figures 5c and d and 6 ). Complexes bound to the m 7 GTP Sepharose column were eluted and proteins were analysed by SDS ± PAGE and Western blotting.
Appropriate regions of the resulting blots were probed with antibodies to eIF-4E and 4E-BP1 or eIF-4E and eIF-4G. After 1 h there was a large decrease in the association of 4E-BP1 with eIF-4E and by 2 h the level of 4E-BP1 associated with 4E fell to almost undetectable levels (Figure 5c ), consistent with the decrease in levels of the dephosphorylated form of the 4E-BP1, the form which associates with eIF-4E, observed in parallel samples (Figure 5b) . The apparent molecular weight of the 4E-BP1 isolated by m 7 GTP Sepharose chromatography is consistent with this being the dephosphorylated form of the protein (compare Figure 5b and c) . Similar experiments were then performed to determine the degree of association of 4E with 4G ( Figure 6 ). Treatment of the cells resulted in a large increase in the amount of 4G associated with 4E and a representative Western blot is shown (Figure 6a and b) . The results from three such experiments were averaged (Figure 6c ) and show that the eIF4G that is associated with eIF4E increases to 12 (+2.2)-fold by 4 h and starts to return to the uninduced level by 24 h which is in accordance with the time scale of induction of c-myc (Figure 1a ). This demonstrates clearly that the dissociation of 4E-BP1 from eIF-4E following its phosphorylation results in increased 4F complex formation. These data support the hypothesis that the phosphorylation of 4E-BP1 and its subsequent dissociation from eIF-4E facilitates the translation of translationally repressed messages.
Both rapamycin and wortmannin block the phosphorylation of 4E-BP1 and abolish the translational up-regulation of c-myc
The immunosuppressant macrolide rapamycin has been shown to be a potent inhibitor of FRAP/TOR (Kunz et al., 1993; Sabatini et al., 1994) and binds to its target through interaction with FKBP12 (FK506-binding protein 12). Rapamycin therefore prevents the phosphorylation of both p70 S6 kinase and 4E-BP1 (Beretta et al., 1996; Chung et al., 1992; Price et al., 1992) . Since our data thus far suggested that activation of the FRAP/TOR pathway may be involved in the c-myc response, we attempted to block the activation of this pathway using rapamycin and assess the eect on the translation of the c-myc mRNA. In addition to the use of rapamycin as a signalling inhibitor, experiments were performed in parallel using the speci®c inhibitor of phosphoinositide 3-kinases (PI 3-kinases), wortmannin, which is thought to block activation of the FRAP/ TOR pathway by inhibiting an event upstream of the FRAP/TOR kinase (for review see Proud, 1996) . More recently wortmannin has been shown to inhibit the serine-speci®c autokinase activity of mammalian TOR in vitro (Brunn et al., 1996) . To examine the eect of these agents on the translational response, cell samples incubated with either wortmannin or rapamycin or untreated were taken at predetermined time intervals, subjected to SDS ± PAGE, transferred to nitrocellulose and probed with antibodies for c-myc, a-tubulin, p70 S6 kinase or 4E-BP1 (Figure 7a) . Exposure of cells to wortmannin and rapamycin decreased the induction of c-myc protein, by 39% and 36% respectively at 4 h and by 40% and 36% at 8 h (Figure 7a and b; representative blots are shown and these experiments were performed on at least three independent occasions). There was no corresponding change in the expression of the control protein a-tubulin (Figure 7a) . In additional experiments performed we have observed inhibition of 50% or more by 4 ± 8 h with rapamycin (data not shown). A comparison of the induction of cmyc mRNA (determined by Northern blot analysis on parallel samples from the same experiment), with the induction of c-myc protein shown in Figure 7a showed that the dissociation between protein and mRNA observed as normal in the control experiment ( Figure  7c ) was removed in the presence of both rapamycin and wortmannin (compare Figure 7b and c) . Indeed, the c-myc protein induction was reduced to a level that can be accounted for by the increase in RNA expression alone. Thus, it appears that rapamycin and wortmannin remove the translational component of the c-myc induction. The inhibition of the c-myc response by these two compounds correlates directly with the inhibition of changes in the phosphorylation state of 4E-BP1 by both of these agents (Figure 7a , lanes 1 and 2, 5 and 6, 9 and 10). These results are consistent with the mechanism of this speci®c activation of translation of c-myc being mediated through the increase in availability of eIF-4E, through the dissociation of 4E-BP1 following its increased phosphorylation. The pre-treatment of cells with rapamycin resulted in the complete dephosphorylation of p70 and p85 S6 kinases (lanes 5 ± 8), whilst wortmannin had very little eect on the phosphorylation state of these proteins (Figure 7a , lanes 9 ± 12). This observation again implies that the increase in cmyc expression is augmented through the dephosphorylation of 4E-BP1, and not through p70 and p85 S6 kinase phosphorylation, since the eects of wortmannin and rapamycin on the c-myc induction are identical whilst wortmannin, in this cellular system, does not block p70 S6 kinase action. It is interesting to note that while many authors have shown that inhibition of PI 3-kinase activity blocks the phosphorylation of p70 S6 kinase (Cheatham et al., 1994; Chung et al., 1994) , the evidence presented here and evidence from other laboratories highlights situations where this is not in fact the case. In particular, it has been demonstrated using mutant PDGF receptors that activation of p70 S6 kinases can occur in the absence of PI 3-kinase activity (Ming et al., 1994) , and that phorbol ester-mediated p70 S6 kinase activation cannot be inhibited by wortmannin (Chung et al., 1994) . It seems likely therefore that in certain systems and with certain activators p70 S6 kinase can be activated by wortmannin-insensitive and thus probably PI 3-kinaseindependent mechanisms. The role of PI 3-kinase in the activation of FRAP/TOR may therefore not be as straightforward as originally thought.
The reduction in the c-myc levels by rapamycin could in part be accounted for by the general eect on translation that this agent is known to have in B-cells. In some cellular systems it has been shown that rapamycin can block the shift of messages to polysomes in a selective manner (Jeeries et al., 1994; Nielson et al., 1995; Terada et al., 1994) with only slight eects on general protein synthesis rates, however, in the B-cell line Ramos a 30% decrease in general protein synthesis rates was apparent at 3 ± 6 h in the presence of rapamycin (Terada et al., 1994) . In our experiments the incorporation of [ 35 S]-methionine into protein during a time course of induction in the presence and absence of rapamycin shows that the induction in general protein synthesis was reduced by 37% at 3 ± 4 h and by 46% at 7 ± 8 h in the presence of 20 nM rapamycin (Figure 7d ). Therefore, in our B-cell system, it is dicult to separate the general eects of rapamycin on protein synthesis from speci®c eects of this drug. However wortmannin had very little eect on general protein synthesis rates, decreasing the [ 35 S]-methionine incorporation by only 7.5% at 3 ± 4 h and 32% at 7 ± 8 h when compared to the untreated control cells (Figure 7d ). In contrast, the c-myc response was reduced by 39% at 4 h in the presence of wortmannin (Figure 7a and b) . These results therefore show clearly that wortmannin selectively blocks the translational increase in the level of c-myc protein as a direct result of inhibiting the phosphorylation of 4E-BP1. It can therefore be concluded that a large part of the c-myc translational response is mediated through activation of the FRAP/TOR signalling pathway resulting in the increased phosphorylation of 4E-BP1. The subsequent dissociation of this protein from eIF-4E thereby leads to increased initiation complex assembly and relieves the translational repression imposed on c-myc by its structured 5'UTR.
Discussion
The results presented here demonstrate a serumdependent translational induction of c-myc protein levels in EBV-immortalized B-cells mediated through activation of the FRAP/TOR signalling pathway and phosphorylation of 4E-BP1. c-myc protein levels rise typically 5.5 ± 10-fold by 2 ± 4 h post-stimulation with increases in mRNA expression reaching less than twofold. Although increases in the overall level of incorporation of [ 35 S]-methionine into protein were also evident, these rises were insucient to account for the induction in c-myc protein levels. We observed a decrease in the association of 4E-BP1 with eIF-4E following the phosphorylation of 4E-BP1 and a subsequent increase in the association of eIF-4E with eIF-4G, and suggest that the selective translation of cmyc mRNA results from the increased availability of eIF-4E for initiation complex formation which in turn leads to the relief of the translational repression imposed on the c-myc message by its structured 5'UTR. Moreover, inhibition of the phosphorylation of 4E-BP1 by the signalling inhibitors rapamycin and wortmannin led to a signi®cant reduction in c-myc protein levels. These data are consistent with current hypotheses on the role of the FRAP/TOR pathway in the selective translation of messages with secondary structure in their 5'UTRs or which contain polypyrimidine tracts (for review see Brown and Schreiber, 1996) . Indeed, the selective translation of a number of messages in both of these classes has been shown to be reduced in the presence of the speci®c inhibitor of FRAP/TOR, rapamycin (Jeeries et al., 1994; Nielson et al., 1995; Terada et al., 1994) . Although it has been suggested that the translation of c-myc would be a potential target for regulation by FRAP/TOR, our data provide the ®rst study on the signalling pathways involved in the translation of this proto-oncogene.
We observed no increase in either the phosphorylation of eIF-4E, or the overall level of this protein present during the response, although it has been proposed that the translational repression of messages which contain a structured 5'UTR is relieved by overexpression of eIF-4E (Koromilas et al., 1991) . Moreover, it has been shown for a number of other systems that increases in both the levels of expression and phosphorylation of eIF-4E positively correlate with translation (Mao et al., 1992; Morley et al., 1991; Rosenwald, 1995) . However, it is likely that the translation of messages with highly structured 5' UTRs is dependent on the helicase activity of the eIF-4F complex, of which eIF-4E is a component. Our data suggest that an increase in the phosphorylation of 4E-BP1 causes a liberation of eIF-4E and therefore an increase in the formation of active eIF-4F complex as judged by the large increase in the level of eIF-4G associated with eIF-4E. It appears therefore that a number of mechanisms exist to increase the activity of the eIF-4F complex and that these can occur independently. This eect is similar to events which occur after adenovirus infection of 293 cells where protein synthesis rates are inhibited (Feigenblum and Schneider, 1996) . Following infection eIF-4E was dephosphorylated, an event consistent with a reduction in translation, but in addition the level of phosphorylation of 4E-BP1 increased and caused its dissociation from eIF-4E. The antagonistic nature of these two events suggests that since eIF-4E and 4E-BP1 phosphorylation are regulated by dierent signalling pathways, it is possible for these proteins to act independently or in concert to aect translation rates and that they are not always both phosphorylated in response to the same stimulus (Feigenblum and Schneider, 1996) . The 2 ± 3-fold increase in general protein synthesis observed here clearly shows that translation initiation is activated even without increases in the phosphorylation of eIF-4E.
Serum induction of c-myc has been well documented at the level of mRNA (Dean et al., 1986; Kelly et al., 1983; Nepveu et al., 1987) . However, the contribution of a translational response to the induction of c-myc protein levels on exposure of quiescent cells to mitogens has been very dicult to quantify, since cmyc protein is undetectable by even sensitive ELISA techniques after the withdrawal of growth factors and the onset of quiescence (Waters et al., 1991) . The serum response we have observed occurs in EBVimmortalized LCLs in the exponential phase of growth and appears to result from disruption of cellular clusters formed by these cells during their growth and subsequent increased exposure of these cells to serum. As these cells are continuously cycling they express slightly higher levels of the c-myc protein than cells in a resting state, and this level of expression is detectable by sensitive Western blotting techniques allowing a detailed examination of the contribution of translational responses to the induction of c-myc protein expression. The detection of endogenous levels of cmyc in this cellular system has allowed us to assess the translational regulation of this oncoprotein in a situation which is more physiologically relevant than many model systems, since in cell lines which are overexpressing large amounts of this oncoprotein there are likely to be additional cellular changes due to this over-expression. In our system, the activation of FRAP/TOR and consequently the phoshorylation of p70 S6 kinase and 4E-BP1 is much slower than on insulin stimulation of various cell types (Price et al., 1992) and serum stimulation of quiescent ®broblasts (Beretta et al., 1996) where increases in the phosphorylation of p70 S6 kinase and 4E-BP1 were observed within 10 ± 15 min. It is likely that the timing of these phosphorylation events is directly related to the nature of the serum response we have described. On serumstimulation of cells still in a state of more active growth, it is entirely feasible that the time scale of signalling responses to this stimulation would be slower than in cells which have been serum-starved and restimulated.
The serum-dependent c-myc induction may well be relevant to B-cell growth in vivo. The ability of B-cells to form homotypic interactions with neighbouring cells is dependent on the expression the LFA-1 and ICAM-1 cell adhesion molecules on the surface of these cells. The expression of these surface proteins is induced on activation of B-cells in vivo, and is important for the ecient function of a number of immune processes, including T-cell mediated killing, B-lymphocyte responses and adherence to other cells of the immune system (see Springer, 1990) . It is possible therefore that disruption of cellular aggregates in vivo would increase the exposure of these cells to growth factors and induce a similar c-myc response to the one described here and thus provide a positive growth signal. Since infection of resting B-cells with EBV induces the expression of these adhesion molecules (Aman et al., 1986, Kintner and Sugden, 1981) , mimicking the normal processes involved in B-cell activation, the virus may be introducing a mechanism whereby disruption of the resulting cellular aggregates formed can provide a serum responsive growth-promoting c-myc induction. It is therefore possible that this response occurs in the EBV positive immunoblastic B-cell lymphomas which develop in immunosuppressed individuals, since the cells in these tumours display an LCL-like phenotype (Young and Rowe, 1992) , and may even contribute to the progression of the disease.
It is clear that the c-myc induction in EBV-positive B-cells described herein, is selective, mediated largely at the level of translation, and the result of the activation of a signalling pathway known to play a role in the directed translation of translationally repressed messages. We have demonstrated recently that the c-myc 5'UTR contains an internal ribosome entry segment (IRES) implying that this mRNA can also be translated in cap-independent manner (Stoneley et al., 1998) . It would be interesting therefore to direct future work towards examining the role of the c-myc IRES in translational responses and the eect that this region has on the induction of c-myc expression. In addition it will be important to assess the eect of the activation of the FRAP/TOR pathway on the expression of other growth-related, translationally repressed and IRES containing genes in these systems.
Materials and methods
Cell culture
The cell lines GM0892A, GM03201 and GM1953 were obtained from the Human Genetic Mutant Cell Repository, Camden, New Jersey, USA, and represent EpsteinBarr virus immortalized B-cell lines established from normal healthy donors. Cells were maintained in suspension culture at 378C and 5% CO 2 in RPMI 1640 medium (GIBCO ± BRL) and 15% foetal calf serum (Advanced Protein Products). Serum stimulation experiments were performed by pelleting cells by centrifugation at 1300 r.p.m. for 5 min and resuspending them in fresh media containing the appropriate concentration of serum at 5610 5 ml. For treatment with signalling inhibitors, cells were pre-incubated in serum-free media containing rapamycin (20 nM), wortmannin (200 nM), or an equivalent dilution of solvent (DMSO) for 30 min before the addition of serum. Cell viability was determined using trypan blue exclusion by adding an equal volume of 0.4% trypan blue stain to a cell suspension in PBS. For measurement of the rate of degradation of the c-myc protein cells were treated in culture with cycloheximide (50 mg/ml) and protein levels determined by SDS ± PAGE and Western blotting. All experiments were performed on at least three independent occasions.
Determination of protein synthesis rates
For determination of protein synthesis rates in the presence of signalling inhibitors, cells were pelleted, resuspended at a concentration of 5610 5 /ml in serumfree media and then incubated for 30 min in the presence of inhibitor before the addition of serum to 15%. Cells were then divided into 4.5 ml aliquots in duplicate in 6-well dishes and 25 mCi of [ 35 S]-methionine (NEN) added to the ®rst time point for 1 h. [
35 S]-methionine was added to the remaining cells at 3 h and 7 h and labelling performed for 1 h. For protein synthesis determinations in the absence of inhibitors, cells were pelleted, resuspended in media containing 15% serum and experiments performed as described above. At the end of the labelling periods cells were pelleted, washed twice in PBS and then resuspended in a ®nal volume of 1 ml of PBS. Cell suspensions were then spotted in triplicates of 20 ml on to a piece of 3MM ®lter paper (Whatman) divided into squares and the ®lter paper dried. Filters were washed for 3615 min in 5% TCA and then 1615 min in methanol before drying and cutting into squares. Radioactivity was measured by scintillation counting.
FACS analysis
Propidium iodide staining was performed to determine the cell cycle distribution of cell populations. Cells (2610 6 per time point) were washed once in PBS and then resuspended in 200 ml PBS. Cells were ®xed by the addition of 2 ml of ice-cold 70% ethanol, 30% PBS and incubated at 48C for at least 30 min and usually overnight. The cells were then pelleted by centrifugation, resuspended in 800 ml PBS, and 100 ml of propidium iodide (400 mg/ml) and 100 ml of RNase A (1 mg/ml) added. Cells were then incubated at 378C for 30 min before¯uorescence analysis.
SDS ± PAGE and Western blotting
For analysis of c-myc, a-tubulin, eIF-4E, eIF-4G and eIF2a proteins, cell pellets were solubilized in electrophoresis buer (50 mM Tris-HCl pH 6.8, 4% SDS, 10% 2-mercaptoethanol, 1 mM EDTA, 10% glycerol and 0.01% bromophenol blue) by sonication. Cell extracts (10 6 cells per lane) were then analysed by SDS-polyacrylamide gel electrophoresis on 7.5% or 10% 16 cm gels (BioRad) and proteins transferred to nitrocellulose (Schleicher and Schuell) by electroblotting in transfer buer (0.2 M glycine, 20 mM Tris, 20% (v/v) methanol) for 1.5 h at 85 V. For analysis of the phosphorylation states of the 4E-BP1 and p70 S6 kinase proteins, cell pellets were solubilized in extraction buer (50 mM Na b-glycerophosphate pH 7.4, 0.5 mM Na orthovanadate, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1% Triton-X100 and 10% glycerol) with 1 mM microcystin, 10% aprotinin, 0.1 mM PMSF, 1 mg/ml leupeptin and 1 mg/ml N-a-p-Tosyl-l-lysine chloromethylketone (TLCK) added immediately before use. Cell extracts were centrifuged at 13 000 r.p.m. for 5 min to pellet cell debris and 0.5 ± 1610 6 cell equivalents of extract mixed with an equal volume of 26electro-phoresis buer, boiled and analysed by SDS-polyacrylamide electrophoresis. p70 S6 kinase proteins were analysed using 7.5% gels and transferred as described above. For analysis of 4E-BP1, samples were resolved on 15% gels, transferred for 2 h on to PVDF membrane (Gelman Sciences) and the membrane ®xed in 0.05% glutaraldehyde in Tris-buered saline containing 0.1% Tween-20 (TBS-T) for 30 min. Equal loading of protein was determined on all blots by staining with Ponceau S. Blots were blocked by incubation in 5% skimmed milk in TBST for 1 ± 2 h and then probed with the relevant antibodies for 1 h at room temperature. c-myc protein was detected using the mouse monoclonal antibody 9E10 (generated by Dr T Harrison) at 1 : 400 dilution and atubulin proteins were detected using a mouse monoclonal antibody (Sigma) at 1 : 10 000. Rabbit polyclonal antibodies used to detect eIF-4E, eIF-2a, p70 S6 kinase, 4E-BP1, and eIF-4G were provided by Dr S Morley (4E and 4G) , Dr N Redpath (p70 S6 kinase), Prof R Denton (4E-BP1), and Prof C Proud (eIF-2a) respectively, and were used at dilutions of 1 : 7000, 1 : 2000, 1 : 1000, and 1 : 2000 and 1 : 2000, respectively. Blots were then incubated with peroxidase-conjugated secondary antibodies raised against mouse or rabbit immunoglobulins and developed using the chemiluminescence reagent`Illumin 8' (generated by Dr M Murray, Dept. of Genetics, Leicester University).
Isoelectric focusing
To determine the phosphorylation state of eIF-4E, nonphosphorylated and phosphorylated forms of the protein were separated using one-dimensional isoelectric focusing. Cell pellets were lysed in extraction buer at a concentration of 2610 7 cells/ml and prepared as for analysis by Western blotting. 20 ml of sample was mixed with the appropriate volume of 76isoelectric focusing sample buer and urea added to a ®nal concentration of 9M. Isoelectric focusing was performed essentially as described (Redpath, 1992) , using a Biorad minigel apparatus with ampholytes in the pH range 3 ± 10 (BioRad), and 0.01 M glutamic acid and 0.05 M histidine at the anode and cathode, respectively. Focused gels were then Western blotted for 30 min and probed for eIF-4E as described above. m 7 GTP Sepharose anity chromatography eIF-4E containing protein complexes were isolated using an adaptation of a method previously described (Morley and Pain, 1995a) . Cells (1610 7 per time point) were pelleted by centrifugation, washed twice in PBS and then resuspended in homogenization buer (50 mM MOPS-KOH, pH 7.2, 50 mM NaCl, 50 mM NaF, 50 mM Na bglycerophosphate, 5 mM EDTA, 5 mM EGTA, 14 mM 2-mercaptoethanol) containing freshly added 100 mM GTP, 2 mM benzamidine, 0.1 mM PMSF, 1 mM microcystin and 1 mg/ml leupeptin and TLCK. NP40 was then added to 0.5% and the cells lysed by vortexing. Cell debris was removed by centrifugation at 13 000 r.p.m. for 5 min and the lysate loaded onto a 250 ml m 7 GTP Sepharose (Pharmacia) column equilibrated in buer minus detergent. Following one wash of the column with 500 ml of buer, bound complexes were eluted in 500 ml buer containing 0.2 mM m 7 GTP (Sigma). Proteins were then precipitated by the addition of 500 ml of 7% trichloroacetic acid in the presence of cytochrome c (10 mg/ml) on ice. Precipitates were pelleted by centrifugation at 13 000 r.p.m. for 10 min, washed three times in acetone, and dried. Samples were solubilized in electrophoresis buer and analysed for eIF-4E, eIF4-G and 4E-BP1 content by SDS ± PAGE and Western blotting as described above
Northern blot analysis
Total cellular RNA was prepared and analysed by Northern blotting exactly as described previously (West et al., 1995) . DNA probes used for the detection of c-myc and GAPDH mRNA species were also as described (West et al., 1995) . In addition, a plasmid containing the atubulin cDNA (Villasante et al., 1986) was kindly provided by P Walden via Prof K Gull (University of Manchester), and an 839 and 738 bp region of the cDNA were isolated and used to detect the a-tubulin message.
Sucrose gradient density centrifugation and RNA detection Sucrose gradient centrifugation was used to separate ribosomes into polysomal and monosomal forms, and these gradients were then fractionated with continuous monitoring at 260 nm and RNA isolated from each fraction as described previously (West et al., 1995) . The distribution of individual mRNA species across these gradients was then determined by slot blot analysis and hybridization with speci®c cDNA probes. The c-myc, GAPDH, and a-tubulin probes were as described previously (West et al., 1995) 
